This paper is concerned with a variational formulation of a nonaxisymmetric water wave problem. Current methods of caiculating wave forces on the offshore structures and/or harbors are very useful for building such structures that are used for exploration of oil and gas from the ocean floor.
I.
I'DCTIOH.
Diffraction of water waves by offshore structures or by natural boundaries is of considerable interest in ocean engineering. Due to the tremendous need and growth of ocean exploration and extraction of wave energy from oceans, it is becoming increasingly important to study the wave forces on the offshore structures or natural boundaries.
Current methods of caiculating wave forces on the offshore structures and/or harbors are very useful for building such structures that are used for exploration of oil and gas from the ocean floor.
In the theory of diffraction, it is important to distinguish between small and large structures (of typical dimension b) in comparison with the characteristic wavelength (2/k) and the wave amplitude a. Physically, when a/b is small and kb -I is large (the characteristic dimension b of the body is large compared with k k is the wavenumber) the body becomes efficient as a generator of dipole wave radiation, and the wave force on it becomes more resistive in nature.
This means that flow separation becomes insignificant while diffraction is dominant.
In other words, the body radiates a very large amount of scattered (or reflected) wave energy.
On the other hand, for small kb (the characteristic dimension b of the body is small compared with k-l) and a/b is large (a/b > 0(I)), the body radiates a very small amount of scattered wave energy. This corresponds to a case of a rigid lld on the ocean inhibiting wave scattering, that is, diffraction is insignificant.
Historically, Havelock [I] gave the l+/-nearlzed diffraction theory for small amplitude water waves in a deep ocean. Based upon this work, MacCamy and Fuchs [2] extended the theory for a fluid of finite depth. These authors successfully used the llnearlzed theory for calculation of wave loading on a vertical circular cylinder extending from a horizontal ocean floor to above the free surface of water.
Subsequently, several authors including Mogrldge and Jamleson [3] , Mei [4] , Hogben et. al. [5] , Garrison [6] [7] obtained analytical solutions of the llnearlzed diffraction problems for simple geometrical configurations.
However, the llnearized theory has limited applications since it is only applicable to water waves of small steepness.
In reality, ocean waves are inherently nonlinear and often irregular in nature.
Hence, water waves of large amplitude are of special interest in estimating wave forces on offshore structure or harbors.
,In recent years, there has been considerable interest in the study of the hydrodynamic forces that ocean waves often exert on offshore structures, natural boundaries and harbors of various geometrical shapes. Historically, the wave loading estimation for offshore structures was based upon the classical work of Morlson et. al. [8] or on the linear diffraction theory of water waves due to Havelock [I] and MacCamy and Fuchs [2] . Morlson's formula was generally used to calculate wave forces on solid structures in oceans.
According to Debnath and Rahman [9] , Morlson Several authors including Charkrabarti [13] , Lighthill [14] , Debnath and Rahman [9] , Rahman and his collaborators [15] [16] [17] [18] , Hunt and Baddour [19] , Hunt and Williams [20] , Sabuncu and Goren [21] . Demirbilek and Gaston [22] have made an investigation of the theory of nonlinear diffraction of water waves in a liquid of finite and infinite depth by a circular cylinder. These authors obtained some interesting theoretical and numerical results. We first discuss the basic formulation of the problem and indicate how the problem can be solved by a perturbation method.
We formulate a nonlinear diffraction problem in an irrotational incompressible fluid of finite depth h. We consider a large rigid vertical cylinder of radius b which is acted on by a train of two-dimensional, periodic progressive waves of amplitude a propagating in the positive x direction as shown in Figure I [14] and Rahman [17] .
In the limit kh =, (6. [) corresponds to the result for deep water waves which are in agreement with Lighthill [14] , and Hunt and Baddour [19] .
We next summarize below the second-order contribution to the total horizontal force given by (].28).
We first put values of An argument similar to that of Grlffith [23] shows that the Integrand in the integral G(k 2) dk 2 is singular at k 2 4k for 0 a particular deep water wave, and at k 2 2k for a particular shallow water wave. Another comparison s made in Fig. 5 with the experimental data due to Raman and Venkatanarasaiah [24] . The second-order results of Rahman and Heaps [17] seem to compare well with these experimental data. In Fig. 6 , both the first-order and the second-order solutions are compared with force measurements of Chakrabarti [13] A partial answer to the resonant behavior related to the shallow water case has been given by Rahman [25] .
Recently, Sabuncu and Goren [21] have studied the problem of nonlinear diffraction of a progressive wave in finite deep water, incident on a fixed circular dock.
This study shows that the second-order contribution to the horizontal force is also highly significant. Their numerical results for the vertical and horizontal wave forces on the dock are in excellent agreement with those of others. Demirbilek and
Gaston [22] have also reported some improvements on the existing results concerning the nonlinear wave loading on a vertical circular cylinder. In spite of various analytical and numerical treatments of the problems, further study is desirable in order to resolve certain discrepancies of the predicted results.
Finally, we close this section by citing a somewhat related problem of waves incident on harbors.
A recent study of Burrows [26] on linear waves incident on a circular harbor with a narrow gap demonstrates that the wave amplitude inside the har- The response is a function of frequency and has a large value (a resonance) at the frequency of the Helmholtz mode and also near the characteristic frequencies of the closed harbor. The actual nature of the response near these frequencies depends on 2 . It is shown that the peak value at each resonance increases as decreases, that is the harbor paradox for a single incident wave frequency. However, the increase is slow.
The peak width also depends on , and decreases as decreases, but the decrease for the Helmholtz mode is less than for the higher modes.
Some authors including Lee [27] gave a numerical treatment of the resonance problem inside the harbor. In approximate calculations it is assumed that the total flow through the gap will effectively determine the flow near the resonant frequency. This is correct near the Helmholtz resonance, but incorrect near the higher resonances where the through-flow is small. Most of the work on the subject of Helmholtz resonance was based on the linear theory. The question remains whether or not the circular harbor is a Helmholtz resonator for nonlinear water waves.
NONLI%RWAVE DIFFRACTION CAUSED BY LARGE CONICAL STECTRES.
We consider a rigid conical structure in waves as depicted in Figure 7 . It can be easily verified that (7.13) satisfies the radiation condition (7.8).
The surface boundary condition (7.5) The formulation of the wave forces is given in the next section.
WAVE FORCES FORIILATION.
Lighthill [14] demonstrated that second order wave forces on arbitrary shaped structures may be determined from the knowledge of linear velocity potential alone.
The exact calculation of second order forces on right circular cylinders has been obtained by Debnath and Rahman [9] using the Lighthill's technique. 
